Observational phantom study.
Introduction
Fluoroscopically assisted medical procedures are currently performed in many areas including lumbar transforaminal epidural steroid injections (TFESIs), percutaneous epidural neuroplasty (PEN), and ballooning PEN to treat pain originating from the lumbar spine. Most of these procedures are performed with C-arm fluoroscopy to obtain real-time anatomical information. C-arm fluoroscopy provides physicians with invaluable images that facilitate precise and effective intervention.
During C-arm guided injection procedures, as effective as they may be, patients are exposed to either direct or scatter radiation, while physicians are also exposed to scatter radiation. Scatter radiation is radiation that is scattered around the patient's tissue when the patient is directly exposed to the radiation beam. Accumulated exposure of radiation on the human body increases the risk of malignancies, skin problems, hematologic diseases, and ocular diseases. [1] [2] [3] [4] To ensure the safety of the patient and the operator, it is important to measure the exact cumulative radiation exposure at each site. According to European Radiation Safety Standards, which provides the radiation exposure limits for both public and occupational workers, radiation exposure should not exceed 1 mSv/y for the body, 25 mSy/y for the thyroid, and 50 mSv/y for the hand. [5] When performing C-arm guided procedures, the operator's hands are particularly vulnerable to scatter radiation. However, the exposure of the hands is often overlooked. Although the use of shielding gloves for hand protection reduces exposure by 33% to 86%;, [6] [7] [8] [9] operators often prefer working without shielding gloves because these equipment interfere with the fine movement and sensation of the hand during the procedure.
In this study, we measured scatter radiation according to the direction and distance of a phantom from the radiation source, considering that the practitioner places their hand on the body of the patient during some time of the procedure. The purpose of our study was to find the location of relatively low exposure to scatter radiation in order to minimize the amount of exposure and protect the hands of the practitioner during C-arm guided procedures. We also sought to verify the effectiveness of a new, custom-designed shielding device.
Materials and methods
Fluoroscopic examinations were performed on an anthropomorphic phantom model (chest phantom PBU-60, Kyoto Kagaku Inc, Kyoto, Japan), which was used to simulate the patient located on the operating table. Fluoroscopic screening was focused on the xiphoid process. This phantom was composed of human bones surrounded by acrylic with approximately the same density as human soft tissue and was of the type usually used for scatter radiation dose measurements. [10, 11] A Philips mobile Carm system (Artis Zee Biplane, 154719, Erlangen, Germany) was used for the fluoroscopic examinations, at 80 kVp, 5 mA, and a 17-cm field of view. To ensure that the radiation doses generated by C-arm fluoroscopy remain consistent, the auto brightness control option, which maintains the intensifier exposure rate according to the subject's thickness by adjusting various factors, was not used in this study. The standard C-arm configuration was used. In this configuration, the X-ray tube is located near the floor and the X-ray beam is projected toward the ceiling. The distance between the chest phantom on the operating table and the X-ray tube was 50 cm ( Fig. 1 ).
Real-time radiation exposure data were collected using a commercially available multi-channel dosimetry system that contains a bedside monitor capable of displaying real-time Figure 1 . The chest phantom was laid on the operating table 50 cm above the X-ray tube. The fluoroscopic image was focused on the xiphoid process. Real-time radiation exposure data were collected using a commercially available multi-channel dosimetry system. Radiation measurement was performed at horizontal distances of 0 cm, 10 cm, 20 cm, and 30 cm from the xiphoid process of the chest phantom, at 3 angular positions: 0°(L1), 45°( L2), 90°(L3), and 3 heights: at planes 0 cm (a), 5 cm (b), and, 10 cm (c) above the phantom, or above the shielding device ( Fig. 2 ). Measurements were made at 1, 3, 5, and 10 minutes during continuous exposure. We then repeated the same experiment using a newly designed shielding device. The equipment consists of 2-mm-thick pure lead and 3.2-mm-thick stainless steel, and it is shaped so that practitioners can insert their hands through the hole during procedure and can rest the hands outside the equipment for radiation protection. In Figure 3 , the relationship between the chest phantom, shielding device, and the C-arm fluoroscopy device is shown.
Dose data are shown for each dosimetry measurement separately; these data included the current dose rate (mSv/h) and accumulated procedure dose (mSv). To ensure accurate functionality, the multi-channel dosimetry system was calibrated before being introduced into the clinical routine.
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Statistical analysis
Descriptive statistics were used to present data. Table 1 shows the radiation exposure dose in the absence of a shielding device. The radiation exposure dose was the lowest when the dosimeter was placed at a8 of L2 of the Phantom; plane "a" demonstrated a total accumulation of 36.6 mSv during 1 minute of exposure. Radiation exposure dose was the highest when the dosimeter was placed at a9 of L3, which detected a total accumulation of 2511.6 mSv during 10 minutes of exposure.
Results

Radiation exposure without shielding device
Measurements were then taken at plane "b," which was 5 cm higher than plane "a". The lowest radiation exposure dose was measured at b8 of L1 (26.7 mSv) after 1 minute of exposure, while the radiation exposure dose was the highest at b5 of L2 (2169.0 m Sv) after 10 minutes of radiation exposure. A decrease of 1% to 28% in radiation exposure dose was observed for plane "b" when compared to plane "a".
Next, the same experiment was conducted at plane "c", which was 10 cm higher than plane "a". The radiation exposure dose was the lowest at c8 of L2 after 1 minute of exposure (33.1 mSv), and the highest at c9 of L3 after 10 minute of radiation exposure (2201.1 mSv). A decrease of 1-38% in radiation exposure dose was observed compared to plane "a". The measured radiation exposure dose was higher as the center of procedure field and the dosimeter coincided. When the dosimeter was at the same distance, radiation exposure dose positively correlated with radiation exposure time. Table 2 shows the radiation exposure dose measurements taken while using a shielding device. The radiation exposure dose at plane "a", which was the shielding device surface, showed the lowest value 0.5 mSv at a2 of L1 after 1 minute of exposure. The radiation exposure dose was the highest at a10 of L3 after 10 minutes of radiation (1339.5 mSv). Because a3 and a4 of L1 and a10, a11, and a12 of L3 were located outside of the shielding device, the radiation exposure doses were relatively high.
Radiation exposure with shielding device
Next, measurements were taken at plane "b", which was 5 cm higher than plane "a". The radiation exposure dose was the lowest at b6 of L2 after 1 minute of exposure (0.4 mSv), and the accumulated radiation exposure dose was the highest at b10 of L3 after 10 minutes of exposure (1187.6 mSv).
Third, measurements were taken at plane "c", which was 10 cm higher than plane "a". The radiation exposure at c6 of L2 for 1 minute was the lowest (0.8 mSv), and the radiation exposure at c10 of L3 for 10 minutes was the highest (913.6 mSv).
As for plane "a", the radiation exposure doses were relatively high at b3, b4, c3, and c4 of L1, and b10, b11, b12, c10, c11, and c12 of L3, because they were located outside of the shielding device. A shielding rate of 66.0% to 99.9% was observed within the shielding device area; the shielding device thus significantly reduced the exposure dose. The shielding rate decreased as the distance from the shielding device increased, and a8 of L2 at plane "c" plane showed a shielding rate of 8.2% to 9.8%.
Discussion
This study revealed that the areas where a practitioner's hands would be located during fluoroscopically assisted procedures are exposed to a significant amount of radiation. The amount of exposure increased as the distance from the radiation resource decreased and as the exposure time increased. The shielding device we designed showed an excellent shielding rate (66.0%-99.9%) within the shielding device area. However, the study also showed that even in the presence of a shielding device, areas outside of the shielding range or areas far from the device can be exposed to a considerable amount of radiation. The radiation exposure dose increased as the vertical distance increased within the shielding device range. This phenomenon is thought to be caused by secondary scatter radiation.
Various approaches, such as using a personal protective device, decreasing fluoroscopy time, and modifying the position of the Carm are used to reduce radiation exposure dose in the operating room. [12] In our study, we investigated the effect of a shielding device and the length of time that the hands are placed in direct radiation on radiation exposure dose. The amount of radiation exposure dose at the site where operator's hands are typically placed during intervention, or for watching fluoroscopy, as in procedures such as ballooning, was high. The closer the distance from the radiation source and the longer the exposure time, the greater was the radiation exposure dose ( Table 1) . Use of our shielding device significantly reduced the exposure dose within the shielding device range; however, there was a point where radiation accumulation was as high with as without the shielding device. In addition, higher radiation exposure dose was observed with the device at point a3 and a4 of the "a" plane, b3 and b4 of the "b" plane, and c4 of the "c" plane than without the device. This is considered to be due to a non-shielding area, given the shape of the shielding device, which has an open part to allow execution of the procedure, as well as due to secondary scatter radiation.
In previous studies on radiation exposure doses of surgeons using C-arm fluoroscopy intraoperatively, [13] scatter radiation exposure dose according to various distances and angles was measured using a phantom. Radiation was measured with increasing distance between the phantom and the surgeon, but the angle at which the surgeon was located was not focused on, [13] as they only measured the amount of scattering radiation in the range of more than 40 cm from X-ray beam. In contrast, we "a" plane: on the phantom surface, "b" plane: 5 cm above the "a" plane, "c" plane: 10 cm above the "a" plane. L1, L2, and L3 are the angular line at which the dosimeter is placed. L1 is parallel to the spine. L1: 0°, L2: 45°, L3: 90°. Each point on the line was placed away from the center at 5-cm intervals. "a" plane: on the shielding device surface, "b" plane: 5 cm above the "a" plane, "c" plane: 10 cm above the "a" plane. The other settings are the same as in Table 1 .
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In actual clinical practice, the body part that is most exposed to radiation during surgery or interventional procedure is the hands. In particular, the third fingertip is reported to be most affected in the absence of shielding. [14] Whitby et al [15] also showed a higher radiation dose at the end of the middle and ring finger of radiologists and cardiologists performing interventional procedures in the anteroposterior plane. In particular, it has been reported that the cumulative radiation dose causing percutaneous damage to the hands, increases during the procedure. [16, 17] Shim et al [18] have reported a case of overall redness, swelling, warmth, pain, pruritus, and stiffness of the interphalangeal joint, fingernail atrophy, and soft tissue necrosis of the bilateral hands in an orthopedic surgeon who performed many spinal injections. The radiation dose to the hand is increased due to exposure to scatter radiation as well as direct radiation. [19] Arnstein et al [20] reported that 100-fold increased radiation exposure was observed when the hand of the surgeon entering the X-ray tube was located within 15 cm of the procedure field's center. In another study, radiation exposure of 40 mSv per minute was observed at the hand placed in the X-ray tube. [21] It is considered that within even about 12 minutes, the annual allowable radiation dose has been reached; it is recommended that the appropriate exposure time and use of appropriate radiation shielding devices be used given the danger of exposing hands directly to radiation. Our study also showed that the highest radiation dose in each plane was observed at exposure of 10 minutes, regardless of whether the shielding device was used; it is therefore necessary to establish and adhere to the most appropriate time for the procedure.
Various shielding devices have been recommended for reducing radiation exposure, and several shielding devices are used in actual fluoroscopy procedures. These devices include apparel, such as aprons, thyroid shields, eyewear, and gloves. There are also floor-mounted, ceiling, and procedure table shields, and mobile shields that are placed on patients. According to our experimental results, the highest density of scatter radiation occurs in the regions where the practitioners' hands are placed, which emphasizes the importance of wearing shielding gloves for safety. However, the usage rate of such gloves is low in practice, due to the discomfort of reduced feeling during interventional procedures and the costs of using disposable gloves made of lead vinyl.
The use of the shielding device designed in our study resulted in a high shielding rate and reduced radiation exposure dose. In another study, a 42.9% to 86.1% shielding rate was obtained when using a shielding drape made of a lead sheet during vertebroplasty. [6] Another study also reported a shielding rate of 98.7% when using a shielding method involving a lead sheet. [22] Sergio et al [23] suggested that using a disposable shielding pad made of lead-free tungsten antimony could reduce radiation exposure due to a direct X-ray beam exposure. However, the above studies did not consider the various directions of scatter radiation [6, 22] and did not show significantly improved shielding, despite using multiple shielding layers. [23] In addition, these studies did not considered radiation exposure in the intervention field in which the practitioner's hands would be placed, unlike in our study. When using our shielding device, the maximum shielding rate was above 99.7%, at a2 of L1 in the "a" plane.
Our study had some limitations. First, we only measured the Carm fluoroscopy standard configuration to measure the radiation exposure dose to the practitioner's hands in the experiment. However, there is an increased risk of scatter radiation exposure at the operation site. Thus, a study of direct and scatter radiation generated in a variety of configurations, such as inverted, standard, translateral, and translateral (tube) is required. Second, we did not perform scatter radiation measurements using various procedures and phantoms representing patients. This should be addressed in future studies. Third, our experiments were only conducted to measure radiation exposure during lumbar procedures, such as TFESIs; further studies should be conducted at various spinal levels, such as cervical level procedures. Fourth, it is necessary to measure the scatter radiation dose that is generated by the procedure table and procedure devices, besides the radiation scattered by the patient. Fifth, this experiment was conducted in vitro, and further studies involving in vivo environments should be conducted. The position of the hand during procedures is not consistent in reality, and therefore in vivo studies may better reflect the accumulation of radiation in the everyday clinical field.
We investigated the amount of radiation exposed to the surgeon's hand in the procedure field and also recorded the amount of radiation in the presence of a newly designed shielding device. Although the shielding effect of the shielding device has been proven in our experiment, the use of this shielding device is problematic, as it runs the risk of falling, due to its heavy weight, which can inconvenience both the surgeon and the patient, and can cause failure of the C-arm machine during surgery. Therefore, it is necessary to develop a customized shielding device for the field of interventional procedures. In addition, the surgeon needs to consider various factors for reducing radiation exposure, such as altering the procedure time and procedure location, and remaining as far away as possible from a 45-degree angle in order to reduce radiation exposure.
Conclusion
C-arm fluoroscopy-guided procedures including TFESI involve a marked risk of radiation exposure of the hands. In order to reduce the radiation exposure of the hands, it is necessary to reduce the exposure time during the procedure and to keep an appropriate distance from the radiation resource. Using appropriate shielding device, such as shielding gloves, is highly recommended. When using a shielding device such as the one we designed, it is recommended to keep the hands as close as possible to the device surface, to remain within the device's shielding range, and that fluoroscopy be performed as rapidly as possible to reduce the risk of radiation exposure.
